Since Clark and Lyons developed the first enzyme-based oxygen electrode, 1 enzyme-based biosensors have been used in an increasing number of clinical, environmental, agriculture, and biotechnological applications. [2] [3] [4] [5] In response to the needs for frequent or continuous monitoring of glucose in diabetics, particularly in brittle diabetics, glucose sensors are, by far, the most widely employed, and therefore continue to drive research toward better sensors. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Since the redox centers (FAD/FADH2) of glucose oxidase (GOX) are prevented from transferring electrons to an electrode surface by an insulating glycoprotein shell, 6 the presence of a mediator is necessary to achieve direct electron-exchange between the electrode and the redox center of GOX. The pioneering work of Heller 7, 8 demonstrated that it is possible to modify GOX with ferrocene derivatives and ruthenium pentaamimine, thus promoting relayed electron-transfer to the electrode.
Since the redox centers (FAD/FADH2) of glucose oxidase (GOX) are prevented from transferring electrons to an electrode surface by an insulating glycoprotein shell, 6 the presence of a mediator is necessary to achieve direct electron-exchange between the electrode and the redox center of GOX. The pioneering work of Heller 7, 8 demonstrated that it is possible to modify GOX with ferrocene derivatives and ruthenium pentaamimine, thus promoting relayed electron-transfer to the electrode.
A further experimental and theoretical study 9 revealed that the rates of intramolecular electron-transfer are very sensitive to the particular ferrocene derivative employed, and also the distance between the flavin ring and the point of covalent attachment of the mediator. It is not necessary to have a large number of mediator molecules attached; they need instead to be in the "right" locations. Terathiafulvalence (TIF) and its derivatives are another group of redox molecules that can mediate the direct oxidation of GOX. [10] [11] [12] However, hydrophobically incorporated TIF is slowly lost from the enzyme, presumably due to its slight solubility in aqueous solution and its enhanced solubility in the oxidized (TIF + ) form, which ultimately limits the use of this approach.
Electrically "wired" enzymes by redox hydrogels were introduced by Heller's group, [13] [14] [15] and provided three-dimension electronic conductivity between enzymes and electrodes. Redox hydrogel films are unique in having adequate electron diffusion coefficients and in being permeable to water-soluble substrates and products of enzymatic reactions. 16 When a crosslinked redox polymer network electrically "wired" an enzyme covalently bound to it, the gel and the substrate electrode formed an enzyme electrode. Unlike enzyme electrodes based on diffusional mediators, they are potentially useful in a flow system and in vivo determination. Heller's group carried out a series of studies, [17] [18] [19] [20] [21] [22] [23] and employed the redox hydrogels for sensors implanted in the subcutaneous tissue of rats 19 and in the vascular bed. 23 It is reported that upon illumination, the redox polymer formed by coordinating [Os(bpy)2Cl + /Os(bpy)2Cl] 2+ to poly(4-vinyl-pyridine) exchanges its inner-sphere chloride with more strongly coordinating pyridine or imidazole groups on the polymer backbones. 24 The resulting films conduct electrons when they are hydrated, and their redox segments are mobile enough to collide, even though they are tethered to the crosslinked polymer.
In this paper, we describe the fabrication of a glucose biosensor based the co-electrodeposition of a thin redox polymer and glucose oxidase composite film onto a gold electrode surface. The film formed conducted electrons and was permeable to the substrates and the products of the GOXcatalyzed reaction. Unlike chemical cross-linking that often needed a long time (>24 h) and rigorous condition-control, the co-electrodeposition was rapid (140 s) and took place at room temperature in aqueous solutions of neutral pH. Additionally, the one-step co-electrodeposition method provided a better control on the sensor construction, especially when it was applied to microsensor construction. Since the coating of a negatively charged Nafion ionomer membrane had little effect on the electrochemical behavior of the redox polymer/enzyme film and its catalytic activities for glucose, the interference of negatively charged species, such as ascorbic acid (AA), were eliminated by coating a Nafion membrane over a redox polymer/enzyme film. The redox polymer/enzyme film was evaluated with respect to sensitivity, pH, and stability. In addition, the glucose biosensor can be used for blood sugar analysis without any pretreatment.
Experimental

Reagents and chemicals
The redox polymer reported here ( Fig. 1) was synthesized according to a procedure proposed elsewhere. 25 Glucose oxidase (GOX, EC 1.1.3.4, from Aspergillus niger, 191 units mg -1 ) was purchase from Fluka (Fluka Chime AG, Buchs). Glucose was purchased from Shanghai Boao bio-scientific Ltd. Co. (Shanghai, China). The phosphate-buffer saline solution (PBS; pH 7.2) was prepared from phosphate (0.02 M) and sodium chloride (0.15 M). The redox polymer solution and GOX solution were prepared with a PBS buffer. All other chemicals were of certified analytical grade, and all solutions were prepared with doubly distilled water.
Preparation of a glucose biosensor
A gold disc electrode (3-mm diameter) was sanded with ultrafine sand paper, polished with 0.3 µm and 0.05 µm alumia slurry sequentially and sonicated for 5 min in doubly distilled water between each polishing step. The redox polymer/enzyme film was irreversibly co-electrodeposited from an electrodeposition solution containing the redox polymer (0.5 mg mL -1 ) and GOX (0.5 mg mL -1 ) by applying a sequence of the square potential waves. In the 140-s process, the potential was stepped 35 times between -0.5 V (2 s) and 0.7 V (2 s). The biosensor was kept at 4˚C when not in use.
A Nafion membrane was cast over the redox polymer/enzyme film by spreading a thin layer of Nafion solution on the modified electrode. Exactly 2 µL of a 1% Nafion solution was placed over the electrode and then left to dry at room temperature.
Measurements
All electrochemical measurements were carried out with a computer-controlled Model CHI660A electrochemical workstation (CH Instrument, Austin, USA) at room temperature. A conventional three-electrode cell was employed with a Pt wire counter electrode, a saturated calomel electrode (SCE) reference electrode and a coated gold disc electrode working electrode. All measurements were performed in a 10 mL PBS solution. In experiments where the pH was varied, 1 M solutions of HCl and NaOH were used to adjust the pH of the PBS. In amperometric experiments, the working electrode was poised at 0.3 V (SCE), well in the plateau region of glucose electrooxidation. All potentials in this paper were quoted with respect to the SCE.
Results and Discussion
Immobilization of GOX on a gold electrode
Electrodeposition was carried out by applying a sequence of square potential waves, as described previously. 24 In order to obtain a satisfactory redox polymer/enzyme film, the conditions of the electrodeposition were optimized. Since ligand exchange occurred in the cross-linking process, the surface density of the adsorbed redox polymer must be high; otherwise, the fraction of cross-linked polymer will be small. 24 It was found that the concentration of the redox polymer of 0.50 mg mL -1 was best for our purpose and the optimal concentration of GOX was found to 0.5 mg mL -1 , too. A square-wave potentials applied was expected to affect the properties of the film. The reducing potential was examined in the range from -0.2 V to -0.6 V and the rate of electrodeposition increased with lowering the reduction potential, and reached a plateau at -0.5 V. A slight decrease in the total amount of material deposited was observed when the potential became more negative than -0.50 V. The purpose of the oxidative half cycle, where the electrode surface was oxidized, is to increase the surface density of the redox polymer prior to its crosslinking in the reductive half cycle. The rate of electrodeposition increased when the oxidizing potential increased from 0.4 to 0.6 V, and began to decrease when the potentials were more positive than 0.70 V.
The dependence of the peak current of a redox polymer/enzyme film (in PBS without glucose), and the catalytic current of the glucose biosensor on the numbers of square waves applied during film formation were investigated, as shown in Fig. 2. Figure 2a shows that the thickness of the electroactive film increased linearly with the number of cycles applied at first, and then leveled off when more than 50 were applied. As can be seen from an increase in the thickness inversely affects the permeability of the film for glucose and the oxidation products of the GOXcatalyzed reaction. The reproducibity of the electrodes was examined by measuring the peak current of the polymer/enzyme film for 5 co-electrodeposition. The relative standard deviations was 5.7%, suggesting that co-electrodeposition exhibits a wellcontrolled property in sensor construction.
Electrochemical characterization of a polymer/enzyme film
Cyclic voltammograms of a redox polymer/enzyme film at various scan rates are shown in Fig. 3 . In the absence of glucose, the enzyme gave no response, and only the Os 2+ /Os 3+ redox couple electrochemistry was observed. The electrode exhibited the classical features of a kinetically fast redox couple bound to an electrode surface. The peak current increases linearly with an increase of the scan rate and the difference between the reduction and the oxidation peak potential remains unchanged. At a scan rate of 200 mV s -1 , the difference in the reduction and the oxidation peak potential was less than 25 mV, showing that charge-transfer from the film to the electrode is rapid. 26 The symmetrical surface waves and fast kinetics seen in Fig. 3 show that the presence of enzyme does not appreciably affect the electrochemistry of the Os 2+ /Os 3+ redox couple.
Catalytic oxidation of glucose at the polymer/enzyme film
In the presence of glucose (10 mM), a typical catalytic electrooxidation wave was observed and the reduction peak of the redox polymer was eliminated (Fig. 4) . The catalytic current reached its plateau at about 0.25 V. Thus, for amperometric measurements of glucose, the potential of the working electrode was poised at 0.3 V. The catalytic current produced by a sequence of electron-transfer steps can be described by following equations:
2Os 2+  → 2Os 3+ + 2e -.
Thus, the GOX-FAD is reduced to GOX-FADH2 by glucose penetrating to the film (Eq. (1)); electrons are transferred from the GOX-FADH2 to the Os 3+ sites (Eq. (2)), and the electrons are then transferred through the Os 2+ /Os 3+ sites to the electrode surface (Eq. (3)).
The absence of a reduction current peak showed that, at this scan rate (5 mV s -1 ), the film was homogeneously maintained in the reduced state by the transfer of electrons from GOX-FADH2 to the Os 3+ sites (Eq. (2)). This was also evidenced by the small amount of hysteresis between the forward and reverse scans. With a higher scan rate (data not shown), the hysteresis appeared larger and, eventually, a reduction current peak was seen.
Dependence of the glucose electrooxidation current on the pH
As can be seen in Fig. 5 , the catalytic current shows a strong dependence on the pH of the PBS. It is found that the catalytic current increases drastically when increasing the pH from 6.2 to 7.1, and then reaches its maximum value and keeps almost constant from 7.1 to 8.1. The current drops rapidly at a pH higher than 8.1.
Elimination of the interferences of AA
AA is electroactive, which often co-exists with glucose in biological systems, and can be oxidized at a polymer/enzyme film, resulting in an overlapping amperometric response. A coating of Nafion has been successfully used to eliminate the interference of AA in the determination of glucose. 27 After a redox polymer/enzyme film was further coated with Nafion film, cyclic voltammograms of Nafion-coated redox polymer/enzyme film was similar to that of the redox polymer/enzyme film. The amperometric response of glucose at the Nafion-coated redox polymer/enzyme film allowed little changes, indicating that the existence of Nafion film had little effect on the electrochemical characteristics of the redox polymer/enzyme film.
At a Nafion-coated redox polymer/enzyme film modified electrode, the addition of 0.1 mM AA did not affect the amperometric response of 2 mM glucose, which showed that coating of the Nafion membrane could efficiently eliminate AA interference. 
Amperometric response of a glucose biosensor
The dependence of the catalytic oxidation current on the concentration of glucose in an air-saturated PBS buffer is shown in Fig. 6 . Amperometric tests demonstrated that the glucose biosensor has a rapid response time and a high sensitivity to glucose (Fig. 6, insert) . At 0.3 V, after spiking the glucose concentration, the oxidation current increased and reached a steady state very rapidly, within 5 s. The sensitivity up to 30 mM glucose was about 340 nA/mM. As can be seen in Fig. 6 , the catalytic oxidation current was directly proportional to the glucose concentration up to 30 mM. The precision was estimated from two series of 20 repetitive measurements of 2 and 25 mM glucose solutions. The relative standard deviations were 4.0% and 6.6%, respectively. The detection limit, estimated from 3-times the standard deviation of repetitive measurements of 0.1 mM glucose under optimal conditions, was found to be 0.03 mM, which was limited by the charging current of the biosensor in PBS.
The glucose response was further investigated with respect to the Michaelis-Menten kinetics of the biosensor. Castner and Wingard 28 reported that enzymes immobilized on electrodes, under conditions where the enzymatic reaction is rate controlling, follow the Eadie-Hoastee form of the Michaelis-Menten equation,
where jss is the steady-state current density, jmax is the maximum current density under saturating substrate conditions (this is related to Vmax measured in a homogeneous solution), KM′ is the apparent Michaelis constant (which can differ substantially from that measured in homogeneous solution and is not an intrinsic property of the enzyme, but of the system), and C is the concentration of glucose in solution. As shown in Fig. 7 Stability and sample analysis Stability tests were carried out at room temperature; between measurements, the enzyme electrode was keep at 4˚C. It was shown that the enzyme electrode maintained 100% of its initial sensitivity for the first 40 h, lost 10% of its initial sensitivity after 48 h, and about 50% of its initial sensitivity after 64 h. This may have been due to a loss of the activity of the enzyme. The proposed method was successfully applied to the determination of glucose in whole blood. The results are listed in Table 1 . The results are in good agreement with reference values obtained with a yellow springs blood sugar analyzer (YSI Model 2300). The recoveries obtained by this method are also good enough for practical use.
Conclusion
We show here that glucose oxidase can be readily coelectrodeposited with a redox polymer and the resulting film produced a typical catalytic oxidation current of glucose. The experimental results show that the redox polymer remained its fast electron-transfer properties and that the GOX remained its catalytic activity after they were electrochemically crosslinked onto a gold electrode surface.
Compared to chemical crosslinking, co-electrodeposition provided a better control to generate a coating on a small electrode of complex geometry, and to do so precisely in one rapid and simple step. The results also demonstrate that this procedure has good sensitivity and stability for glucose determination. These characteristics are promising for the development of miniature biosensors and for in vivo applications.
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